A knife edge for shaping a molecular beam is described to improve the spatial separation of the species in a molecular beam by the electrostatic deflector. The spatial separation of different molecular species from each other as well as from atomic seed gas is improved. The column density of the selected molecular-beam part in the interaction zone, which corresponds to higher signal rates, was enhanced by a factor of 1.5, limited by the virtual source size of the molecular beam.
A knife edge for shaping a molecular beam is described to improve the spatial separation of the species in a molecular beam by the electrostatic deflector. The spatial separation of different molecular species from each other as well as from atomic seed gas is improved. The column density of the selected molecular-beam part in the interaction zone, which corresponds to higher signal rates, was enhanced by a factor of 1.5, limited by the virtual source size of the molecular beam.
Molecular-beam methods are important in physical chemistry and molecular physics, as they provide unique opportunities to obtain fundamental insight into mechanisms and dynamics of elementary molecular and chemical processes. Furthermore, industrial applications using molecular beams range from the fabrication of thin films to the production of artificial structures such as quantum wires and dots.
Supersonic expansion of a gas into vacuum provides extreme cooling, in the case of atomic or seeded molecular beams typically from ambient or elevated temperatures down to ∼1 K 1 . This approach is used for a large variety of experiments. In many applications the molecular beam is shaped by skimmers, knife edges, razor blades, slits, slit-skimmers, or gratings to select only the most intense part of the beam [1] [2] [3] [4] [5] . Furthermore, molecular beams can be manipulated by electric and magnetic fields which allow, e. g., the separation of the molecules from a seed gas 6, 7 . Spatial separation of different species is achieved by the electrostatic deflector [7] [8] [9] . Experiments are in this case typically performed at the edge of the deflected molecular beam to maximize the separation or to reduce the amount of signal originating from the seed gas. However, at this position of the beam profile the column density of molecules is rather low. In this note, we present the combination of a knife edge with the electrostatic deflector, which allows for a better separation of the different species of a molecular beam as well as an increase in column density in the interaction region.
A schematic of the experimental setup is shown in FIG. 1 . A pulsed molecular beam was provided by expanding a few millibar of indole and a trace of water in 80 bar of helium through a position-adjustable Even-Lavie valve 10 . The valve was operated at a temperature of 110
• C and at a repetition rate of 250 Hz. 6.5 cm and 30.2 cm downstream from the nozzle, respectively. The transversely adjustable electrostatic deflector was located 4.4 cm behind the tip of the second skimmer. Using the b-type electrostatic deflector 11 , the molecular beam was dispersed according to the specific quantum states of the molecular species 7, 9, 12 . The vertically, Y , adjustable knife edge was placed 1.3 cm behind the end of the deflector.
For the measurements with knife edge its vertical position was chosen such that the undeflected molecular beam was cut roughly in its center. For the measurements without knife edge it was moved vertically out of the molecular beam. A third, transversely adjustable skimmer (Beam Dynamics, model 50.8 with ∅ = 1.5 mm) was placed 2.5 cm downstream of the front of the knife edge. The molecular beam entered a time of flight mass spectrometer (TOF-MS) centered 17.6 cm downstream of the last skimmer, where the molecules and clusters were strong-field ionized by a laser pulse with a pulse duration of 30 fs, centered at a wavelength of 800 nm, and focused to ∅ ≈ 50 µm. FIG. 1a shows a cross section, in the X-Y plane, of the molecular beam to schematically illustrate the working principle of the knife edge. On the left, a molecular beam profile defined by the shape of a round skimmer is depicted. Its deflected part is shown by a vertical shift. On the right, the corresponding profiles are depicted for the case with the knife edge. The laser probes the molecules in the deflected part of the beam, resulting in a higher column density compared to the case without knife edge . FIG. 1b highlights the region of the setup where the knife edge was located. It depicts the knife edge with its holder which was mounted on a motor (SmarAct SLC-1750-S-UHV) which allows to position the knife edge vertically. The molecular beam is indicated by the green cylinder which is cut into halves by the knife edge.
We used the separation of indole and indole-water clusters to demonstrate the advantage of using the knife edge in combination with the electrostatic deflector . FIG. 2a shows the measured vertical density profiles of the undeflected and deflected molecular beam when the knife edge was used. The TOF mass spectrum was gated on specific masses, which corresponded to either parent ions or specific fragments, to obtain each individual profile. The undeflected (0 kV) profile of the signal corresponding to the indole mass of m = 117 u is shown in dark blue. All molecules and clusters were deflected downwards when voltages of ±10 kV were applied to the deflector electrodes, as all quantum states were high-field seeking at the electric field strengths experienced inside the deflector 7 . The deflection profiles for the gates set to the masses of indole, indole(H 2 O), indole(H 2 O) 2 and (indole) 2 are shown in red, black, green, and orange, respectively. The profiles for indole(H 2 O), indole(H 2 O) 2 , and (indole) 2 were multiplied by a factor of five. The indole(H 2 O) 3 cluster was not observed in the mass spectrum. Furthermore, the profile of (indole) 2 (H 2 O) had the same shape as the one for (indole) 2 and is not shown in the figure. Several edges were observed in the profiles which correspond to various molecules and fragments. Going from left to right, the outermost edge at -1.25 mm is attributed to indole(H 2 O) because this cluster showed the largest Stark effect of all molecules and clusters to be considered and was, therefore, deflected the most 7, 12 . The shape of this edge matches the corresponding edge in the indole-ion profile, which confirms that the indole(H 2 O) ion was fragmenting to indole ion with a probability of ∼53 %. The edge at -0.9 mm in the indole-cation signal was attributed to the indole monomer, since indole had the second largest Stark effect. The edge on top of the indole(H 2 O) profile at -0.6 mm was produced by indole(H 2 O) 2 clusters which fragmented into indole(H 2 O) with a probability of ∼64 %. A better separation of indole(H 2 O) from indole and higher clusters was observed in comparison to our previous experiments on this system without the knife edge 7, 12 . Furthermore, the edge for the indole(H 2 O) 2 cluster has now been observed for the first time.
FIG. 2b shows the measured deflection profiles for indole corrected by the known fragmentation probabilities to account for the fragmentation for the case with and without knife edge (Knife) and the deflector switched on (red) and off (blue). The profiles for the case without knife edge were shifted by 0.975 mm to the left to match the edges on the left side for a better direct comparison. In both cases -deflector on and off -the left edge was steeper for the measurements with knife edge. This is attributed to the higher column density as a result of the knife edge. Placing the probe laser at −0.7 mm in the deflected profile results in an enhancement factor of R = 1.5 at this position. The measured molecular beam diameter of r = 2 mm matches exactly the expected radius from geometry arguments assuming a point source for the molecular beam. The distances between the valve and the third skimmer and the interaction region are 53.4 cm and 71 cm, respectively. This results in a magnification factor of 71.0/53.4 = 1.33, in excellent agreement with the ratio between the measured molecular-beam diameter and the skimmer diameter given by 2.0/1.5 = 1.33. The deflected part of the molecular beam is, therefore, also expected to be far out of the geometric helium profile. Additional broadening mechanisms for the molecular beam, such as the finite temperature or deviations from a point source are not taken into account. The influence of these contributions to the purity of the molecular beam are beyond the scope of this manuscript.
The maximum enhancement factor R for the increase in column density can be estimated, assuming an uniform molecular beam emitted from a point source and a uniform deflection force, from the molecular beam radius r in the interaction region and the width of the, for the interaction with the molecules relevant, volume p. For p r the enhancement factor is given by R = A/B = 3/4 2r/p, see FIG. 1c . Taking the radius of our measured molecular beam profile of r = 1.0 mm and the diameter of the ionization laser p = 50 µm resulted in an expected enhancement factor of R ≈ 4.7. We attribute the reduced experimentally observed enhancement factor of R = 1.5 to the following reasons: The experimental molecular beam profile was not completely collimated and, therefore, the edges of the profiles are not infinitely steep. This is ascribed to the finite size of the virtual source, which we estimate to be in the order of 0.6 mm. Due to the finite source size and the geometrical constraints given by the skimmers we furthermore expect it be be advantageous to place the knife edge behind the deflector, compared to using, e. g., a slit-skimmer before the deflector since it decreases the effective virtual source. Secondly, the important volume for the interaction of the molecules with the ionization laser was unknown and might be broader than the measured diameter in intensity. A third contribution to the reduced enhancement is attributed to the fact that the deflector acts as a thick lens for the dispersion of the molecular beam which leads to a softening of the edges. A further contribution could be a misalignment of the knife edge with respect to the propagation direction of the probe laser.
The combination of the knife edge with the electrostatic deflector is of general use for all molecular beam experiments that benefit from a strong separation of molecular species or a strong separation from the seed gas. The presented approach is also especially useful for applications with low count rates or restricted measurement times, e. g., beamtimes at large facilities such as free electron lasers (FELs), synchrotrons, or high-power-laser facilities, where typically only a few days of beamtime are available for the measurements. Furthermore, for probing a collimated molecular beam with r = 2 mm by the generally small x-ray beams, e. g., p = 5 µm, a theoretical enhancement factor, according to the model described above, of R > 20 is obtained. Taking into account the finite virtual source size and the resulting measured reduction of the enhancement factor by about 5/1.5 leads to an expected enhancement factor of 6 in line with preliminary results from a recent beamtime at the LCLS.
